Determination of Higgs self-interactions through the double Higgs production from gluon fusion is a major goal of current and future collider experiments. We point out this channel could help disentangle and resolve the nature of ultraviolet contributions to Higgs couplings to two gluons.
gg → hh, which has a very small rate, σ ∼ 34 fb at √ S = 13 TeV [1] [2] [3] [4] [5] [6] [7] , making this measurement only feasible at high luminosity [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the SM the cross section receives contributions from both box and triangle diagrams, and the large cancellation between the diagrams at threshold makes the gg → hh process particularly sensitive to new physics contributions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Beyond-the-SM (BSM) physics can contribute to 2h production in a variety of ways, including anomalous tth (bbh) and tthh (bbhh) couplings [30] [31] [32] [33] [34] [35] [36] , resonant enhancements [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , exotic decays [46, 47] and new colored scalar [48] [49] [50] [51] [52] [53] or fermonic [54] [55] [56] [57] [58] [59] [60] particles contributing to the loop amplitudes. Some of these effects, for example the modified tth couplings or new colored particles in the loop, also affect the single Higgs (1h) production in the gg → h channel. However, it is difficult to disentangle new physics effects in 1h production because of the limited number of kinematic observables in the final state. Using the higher-order process of gg → h + j may help with measuring the top Yukawa coupling [61, 62] , but is unlikely to resolve the nature of the colored particle mediating the loop. In this work we are interested in the question of whether 2h production is sensitive to the underlying ultraviolet source of new physics and can potentially differentiate between different sources of new physics. We will see that many of the aforementioned new physics effects can significantly change the rate as well as the kinematic distributions in 2h production.
(See Refs. [27, 50] for previous studies of new physics effects in the 2h kinematic distributions.) In some cases, the changes are severely restricted by the (close to SM predicted) measurements of 1h production.
This work is organized as follows. In Section II, we review the basics of 1h and 2h production to set our notation. One of our major new results is in Section III, where we discuss the analytic structure of the 2h amplitude near threshold in the case where the new physics arises from heavy fermions or from heavy colored scalars in the loops. Section IV contains numerical results for 2h production at √ S = 13 and 100 TeV. The amplitude for 2h production from intermediate colored scalar loops is reviewed in an appendix.
II. BASICS OF 1h AND 2h CROSS-SECTIONS
In this section, we review the lowest order results for 1h and 2h production from gluon fusion in order to fix our notation. We begin by presenting an effective Lagrangian, and then consider the specific contributions from heavy fermions and heavy colored scalars.
A. Non-SM Interactions
We consider the following effective Lagrangian, where we are only interested in new physics affecting Higgs rates, assume SM kinetic energy terms (L KE 
where in the SM,
Global fits to Higgs production rates at the LHC limit the deviations of δ t and c g from 0 in a correlated fashion, as described below in Eq. 11. Deviations of the b-Yukawa coupling from the SM prediction, δ b , are less constrained [63, 64] .
B. Colored scalars
The contributions from colored scalars depend on the parameters of the scalar potential.
We use the following Lagrangian for an SU (2) L singlet, SU (3) c complex scalar, s,
where
T . In this normalization, the Fermi
2 ) and v ≈ 246 GeV. If the scalar, s, is real,
The physical mass for either a real or complex scalar is,
where m 0 = 0 is the limit where the scalar gets all of its mass from electroweak symmetry breaking. The cubic and quartic scalar couplings are,
and similarly for a real scalar.
C. 1h Production from Scalars and Fermions
The leading-order (LO) gg → 1h production rates due to virtual scalars and fermions are well-known. It is convenient to introduce the loop functions
Then including colored scalars and non-SM fermion interactions as defined in the previous subsections, where T (·) is the Dynkin index for the corresponding representation under SU (3) c defined as
, and δ R = 1/2 for real scalars and 1 for complex scalars. The Dynkin index is 1/2 for fundamental representations and 3 for adjoint representations, respectively.
For SM fermions, T (f ) = 1/2.
Neglecting the b-quark contribution and noting that F 1/2 and F 0 are well approximated by their large mass limits,
and
Eq. 11 is the well-known result that 1h production has little discriminating power between δ t and c g [65] [66] [67] [68] . The coefficients of c g and c gg from heavy colored scalars can be found in
Refs. [69] [70] [71] . In the SM, gg → 1h production receives significant QCD corrections beyond LO QCD. The NNLO contributions from arbitrary fermions [72] and scalars [73, 74] are significant. However, since we are typically concerned with ratios relative to the SM, we work at leading order.
D. 2h Production for Fermions and Scalars
The LO gg → 2h production rates from fermion and scalar loops can be found in Refs. [1, 2] and Refs. [50, 51] , respectively. The LO partonic cross-section for g(
is given by
In the above 1/2 2 comes from averaging over the initial gluon helicities, 1/8 2 from color averaging and 1/2! from the identical final state particles.
The amplitude-squared can be written as
) resulting from the SM top quark are given in the appendix of Ref. [1] 1 . The Feynman diagrams for the case of scalar particles are shown in Fig. 1 , and the corresponding form factors are given in Appendix A 2 . In the large mass limits,
1 In the SM, including only the top quark contribution Eq. 13 differs from Eq. 13 in Ref. [1] as well as Eq. 4 in Ref. [19] , but agrees with Eq. 6 in Ref. [2] , Eq. 5 in Ref. [59] and Eq. 4 in [27] , after plugging in G F = 1/( √ 2v 2 ) and taking account differences in the normalization of the form factors employed. 2 We disagree with the overall normalization of the corresponding expressions in Refs. [50, 51] . In addition, the first 2 arguments of the last D function in Eq. 16 of Ref. [51] should be swapped.
In the large mass limit, only the the spin-0 contribution survives,
The contributions from the anomalous couplings in Eq. 15 are consistent with those in Refs. [27, 30, 32, 36] . Furthermore, the contributions to Eq. 15 which come from the triangle diagrams are related to the fermionic and scalar contributions to the 1-loop QCD β function via the Higgs low-energy theorems [75] , which can be used to systematically compute higher order QCD corrections to the triangle loops [71, 76] .
III. ANALYTIC STRUCTURE
A closed-form analytic expression for the 2h production amplitude at threshold,ŝ = 4m 2 h , may be obtained from the imaginary part of the amplitude, combined with a knowledge of the amplitude's limiting behavior as the particle masses in the loops go to either zero or infinity [77] . Alternatively, the threshold result can be obtained by a direct expansion of the full amplitude. For a colored fermion of mass m f running in the loops, the separate components of the amplitude arising from the triangle and box diagrams are, at threshold,
where τ f = 4m 2 f /m 2 h and T (f ) is again the Dynkin index of the SU (3) representation of the fermion. The total amplitude is proportional to the sum of the two expressions above,
In the heavy mass limit,
and agrees with the result of [77] .
For a scalar of mass m s with κ = κ 0 ≡ 2m 2 s /v 2 , the triangle and box amplitudes at threshold are found by analytic continuation of the imaginary contributions given in Appendix B,
where τ s = 4m 
where the functions F (s) | th , F (s) | th are the threshold values of the form factors
Eq. 15. In the heavy mass limit, the threshold result is
The cancellations between the triangle and box functions for fermions and scalars are shown in Fig. 2 . In each panel, the cancellation clearly gets more exact for heavy loop particles. However, due to the small coefficients in the expansions above, the amplitude at threshold is still significantly suppressed for finite masses. For the SM top, the indicated point in the left panel of Fig. 2 shows that the triangle and box functions cancel to O(10%).
This cancellation will be spoiled by a non-SM Higgs self-coupling, additional interactions between the fermions and the Higgs boson, or if the scalar mass receives a contribution that is not from the Higgs (i .e., κ = κ 0 ).
Having established that the cancellation between F | th and F | th is largely present for finite loop particle masses, we now investigate the behavior of the cancellation in the presence of additional couplings. It is natural to begin by considering the effect of a non-SM Higgs self-coupling on the 2h amplitude from top loops at threshold. Such a rescaling would affect F (f ) | th only, since the box diagrams do not involve the Higgs self-coupling. between the one-loop triangle and box diagrams for
where the ratio of the box and triangle diagrams at threshold approaches -1 as the loop particle gets infinitely heavy. For the SM top mass, the cancellation is perfect when δ 3 ≈ 0.09. The next section considers further new couplings between the SM quarks and the Higgs bosons.
We now turn to the scalar case, including arbitrary soft masses of scalars coupling to the Higgs. For a scalar which does not receive its mass entirely from electroweak symmetry breaking, m 0 = 0, the amplitude at threshold is Finally, we examine the cancellation away from threshold. In addition to the spin-0 amplitudes realizing their full functional dependence on the partonic CM energy beyond
h , there are spin-2 contributions G to 2h production. The full amplitudes are known in terms of loop integrals, and reveal the strong cancellation near threshold when evaluated numerically. In the fermion case, Fig. 5 shows how the partonic 2h cross section changes above threshold for the SM top. Near threshold, there is a pronounced cancellation between the triangle and box diagrams for the value of the Higgs self-coupling predicted by Eq. 22. This dip shifts and becomes much weaker as we move above threshold.
It is interesting to consider how well our closed form expressions for the threshold 2h amplitudes approximate the full amplitudes. In the threshold amplitudes F (f,s) | th above, the Higgs mass may be considered as a proxy for the CM energy,ŝ = 4m 2 h , except in the triangle diagram where it appears in an s-channel propagator. This motivates the closed form approximation,
for the 2h amplitude beyond threshold. Fig. 6 shows the result of using this approximation in Eq. 15 for loop fermions and scalars of various masses. While the total cross section predicted by the expression in Eq. 24 is not close to the true cross section, the normalized invariant mass distribution is fairly well reproduced. In particular, for m hh ≥ 2m i , two different loop particle propagators may go on shell, causing a nonzero imaginary piece of the a much larger discontinuity at τ i = 4 than at τ i = 1, due to the lack of any imaginary piece of the amplitude for τ i > 4. The much smaller discontinuities in the imaginary part of the threshold amplitudes explain the lack of any visible features at m hh = 4m i .
IV. EXAMPLES
The previous section demonstrated how the threshold cancellations between triangle and box diagrams render 2h production extremely sensitive to non-SM couplings. In this section we consider modifications of the 2h distributions from anomalous fermionic Yukawa couplings, from colored scalar loops, and from fermionic top partners. Effects of anomalous tthh couplings on the kinematic distributions have been examined in [27] . In some cases the allowed new interactions are severely restricted by the requirement that 1h production occur at the observed rate. In addition, we are interested in whether 2h production distributions can distinguish between fermion and scalar loop contributions.
In all of our numerical results we use CT12 NLO PDFs [78, 79] with the associated NLO values for α s , and take m t = 173 GeV, m b = 4.3 GeV, and m h = 125 GeV. For 1h production we take µ = µ R = µ F = m h , while for 2h production we set µ = µ R = µ F = m hh . We use the LO 1-loop predictions for both 1h and 2h production. In addition, the 1-loop functions are evaluated using the software LoopTools [80] , as well as independent in-house routines. 
A. Anomalous Yukawa Couplings
We begin by considering the effects of anomalous top Yukawa couplings in Eq. 1, assuming all other couplings are SM-like. In Fig. 8 , we show the both the 1h and 2h rates, normalized to the one-loop SM rate as a function of the top quark Yukawa. For positive δ t , the requirement that |R h − 1| ≤ .20 only allows a ∼ 40% deviation in σ(gg → hh)/σ(gg → hh) SM .
3
As measurements of the 1h rate become more precise, the allowed deviations for the 2h rate due to an anomalous top Yukawa coupling will also become smaller. An important assumption throughout this work is that there are no light particles which could allow for resonant production of two Higgs bosons, in which case the m hh spectrum would exhibit a clear peak at the mass of the resonance. The effect of a non-SM top Yukawa coupling on the invariant mass distribution is shown in Fig. 9 for both √ S = 13 and 100 TeV. 4 When δ t = 0, the cancellation between box and triangle diagrams described in the previous section is spoiled and the resulting cross sections vary by up to a factor of two [81, 82] . This same variation is seen at both √ S = 13 TeV and 100 TeV. The effect of changing the top Yukawa coupling and the tri-linear Higgs coupling in a correlated manner can be quite dramatic, as 3 We note that negative δ t is now excluded by global fits to Higgs couplings [63, 64] . 4 There is not much difference in the invariant mass spectra between √ S = 13 and 100 TeV. This feature has also been observed in Ref. [27] . 
pp→hh, √S=13 TeV 
pp→hh, √S=100 TeV shown in Fig. 10 . Note the interesting cancellation for large and positive δ 3 .
In the SM, the contribution of the b quark is small for both the 1h and 2h production [83] , although for large enough δ b the production from b quark initial states becomes important [84, 85] . As the b quark Yukawa is increased, the rate for gg → h is substantially altered, while the 2h rate is rather insensitive to the b Yukawa as seen in Fig. 11 . Note that
2 Γ(h → bb) SM and the LHC experiments limit the total Higgs width [86, 87] , Γ h,tot < 5Γ SM h,tot , so this implies a rough limit δ b ≤ O(1). 
B. Fermionic Top Partners
In this subsection and the following, we consider fermion and scalar contributions to gg → hh and pose the question:
• Can we determine the nature of the loop particle, by examining the properties of the scattering amplitude?
We use the analytic properties of the amplitude discussed in Sec. III to draw some conclusions.
We begin by considering the effects of a heavy color triplet fermion, with mass M T , with a SM-like Yukawa coupling to the Higgs boson. The invariant mass distribution for this heavy fermion is compared with that from m t = 173 GeV in Fig. 12 . The distribution has an interesting dip near m hh ∼ 2M T due to the presence of a cut in the amplitude. This dip persists even when the Higgs tri-linear coupling is allowed to have a non-SM value, δ 3 = 0.
At √ S = 100 TeV, the invariant mass spectrum has a more significant support at large m hh , compared to that at √ S = 13 TeV.
A 4th generation of chiral fermions would increase the rate for 1h production by roughly a factor of 9 above the SM prediction, far above the allowed region from current data [63, 64] .
So we consider the addition of a vector-like fermonic top partner. In the simplest example, a top partner singlet model, there exists a charge-
SU (2) L singlet particle, T mixes with the SM-like top quark, T 1 . The Yukawa couplings in the top partner sector are [88] [89] [90] ,
where the Standard Model-like particles are denoted as
The addition of the λ 5 Dirac fermion mass term in Eq. 25 means that the fermion masses are not completely determined by electroweak symmetry breaking. We can always rotate T 2 such that λ 4 = 0 and so there are 3 independent parameters in the top sector, which we take to be the physical charge-
quark masses, m t and M T , along with the mixing angle, θ L .
In the following, we will abbreviate
The couplings of the physical heavy charge- 2 3 quarks to the Higgs boson are,
The parameters of the fermonic top partner model are limited by electroweak precision measurements to sin θ L < .12 [88] [89] [90] and by direct search experiments to M T > 880 GeV [91, 92] . In the m t , M T → ∞ limit, single Higgs production in the top partner model is virtually identical to that in the SM [89, 93, 94] ,
In Fig. 13 , we compare the rate for 1h and 2h production in the singlet top partner model with M T = 800 GeV, as a function of the mixing angle, c L . For values of c L allowed by precision EW measurements, the 1h rate can be seen to be indistinguishable from that of the SM. On the other hand, 2h production receives contributions from the mixed tT h couplings of Eq. 27 and in general can be quite different from the SM prediction, as shown in Fig.   13 . Even imposing the restrictions from precision EW data, 2h production can be reduced by up to 20% from the SM prediction [91, 92] , although the rate cannot be increased in this class of model. The relative reduction of the 2h rate is roughly the same at √ S = 13 TeV and 100 TeV. The invariant mass spectrum are shown in Fig. 14 for the top partner model.
Because the EW precision constraints require that the mixing angle be very small, the m hh distribution in indistinguishable from that of the SM. It would be interesting to investigate slightly less simple models by including tthh and T T hh couplings, which arise in models where the Higgs arise as a pseudo-Nambu-Goldstone boson [94, 95] . and M T = 800 GeV.
C. Scalar Top Partners
In this section, we compare the results of the previous section where the loop particles are fermions with m hh distributions where instead of a fermion, there is a colored scalar in the loops. We begin by replacing the SM top quark in the gg → h triangle diagram and in the gg → hh triangle and box diagrams with a color triplet scalar of the same mass, m s = m t = 173 GeV. Fig. 15 shows the ratio of the total cross sections for both 1h and 2h production, normalized to the lowest order SM predictions, in this scenario. In the case of a color triplet scalar of mass m s = 173 GeV in the loops, we see that, in order to reproduce the SM rate for 1h production (the black dashed line), κ need to be quite large, κ 2. If κ is tuned to obtain σ/σ SM = 1 for gg → h, then a color octet intermediate particle replacing the top quark with positive κ (the solid black line) would predict a highly suppressed rate for 2h production (the red dashed line). Alternatively, we can tune both κ and the scalar mass such that both 1h and 2h production have the SM rates, as shown in Fig. 16 . Although the total rates are identical to the SM predictions, the kinematic distributions from color octet and triplet intermediate states are quite different than those from the SM top, as plotted in Fig. 17 . The scalar needs to be quite light to reproduce the SM rates, and the distribution is peaked at much lower m hh than the SM prediction.
We also consider Higgs production in the presence of the SM top quark and a colored production rate from gluon fusion, which is drawn as a shaded band in Fig. 18 .
The limits imposed from 1h production constrains the sensitivity of 2h measurements to reveal new scalars, especially those with masses close to the weak scale. This is because a light scalar, in addition to the SM top, modifies the 1h rate significantly, unless its coupling to the Higgs is small, which at the same time diminishes its impact in 2h kinematic distributions. However, heavy scalars will decouple quickly in the 1h rate and may show up in comparison, if the entire mass of the scalar was due to the Higgs, the feature at m hh = 2m s would be quite significant.
V. CONCLUSION
The observation of double Higgs production will be an important milestone in understanding the nature of electroweak symmetry breaking. In the past the focus of this channel has been on extracting the Higgs tri-linear self-coupling. In this work we showed that the goal can be much broader and encompass understanding the nature of the UV physics giving rise to Higgs coupling to two gluons, which is otherwise difficult to probe in single Higgs production.
In Section III, we examined the differences in the threshold behavior of double Higgs production resulting from intermediate scalar and fermion loops and in Section IV, we demonstrated that even if the parameters in a model with colored scalars are tuned to reproduce the SM rates for single and double Higgs production, the resulting invariant mass distributions can be significantly different from the SM. These distributions are also very sensitive to whether the scalar mass gets all of its mass from electroweak symmetry breaking.
We also investigated the effects of anomalous top and bottom Yukawa couplings and showed that the resulting changes in single and double Higgs production relative to the SM rates are roughly the same at √ S = 13 and 100 TeV.
Clearly, it will be an important experimental question on how to extract the wealth of information contained in the double Higgs production. Our work provides strong motivation to pursue this issue experimentally.
In the above we have Here, we calculate the imaginary part of the amplitude for 2h production from scalar loops at threshold, using cut techniques. This is a new result analogous to the recent computation for fermions [77] . By using the dispersion relation, we may recover the full 2h amplitude in closed form, which is then analyzed in Section III.
We start with the general amplitude in Eq. 15. For simplicity, we assume a single scalar that gets all of its mass from the Higgs, so that m 0 = 0 and κ = κ 0 = 2m 2 s /v 2 in Eq. 3.
Our results can easily be generalized to scalars with arbitrary couplings and masses, and we emphasize that they do not assume a heavy loop particle. At threshold,ŝ = 4m 2 h , only the spin 0 piece contributes [59] . The imaginary parts of the corresponding form factors F (s) , F (s) can be obtained from cutting all possible gg → hh diagrams, and sending all cut propagators on shell. We will compute Im F (s) and Im F (s) separately at threshold. which vanishes for the SM Higgs self-coupling [77] . Given the limiting behavior of the amplitude combined with full knowledge of its imaginary part, then, the dispersion relation gives the full amplitude in Eq. 20.
